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I. INTRODUCTION. 
The cations Na, K, and Ca are essential Constituents of physiologi- 
cally balanced salt solutions such as blood serum, tissue fluids, and sea 
water, and, in the absence of one of these ions, physiological processes 
cannot, as a rule, occur for any great period of time.  Zwaardemaker  t 
has recently advanced the interesting idea that the indispensability 
of potassium  in  cardiac action is  due to  the slight radioactivity of 
that  element.  To prove this  idea,  he has demonstrated that other 
radioactive  substances, e.g.  thorium,  uranium, ionium, radium, etc., 
can  replace  the  K  ion in  restoring  heart beat  after the heart has 
stopped beating in a  Ringer solution containing no potassium.  The 
most significant fact demonstrated by Zwaardemaker and his collab- 
orators is that for the replacement of potassium by other radioactive 
substances,  equiradioactive,  doses  are  required.  Zwaardemaker's 
conclusion that  the action of potassium  in physiologically balanced 
salt solutions is a result of its radioactivity is of such great importance 
that it seemed justifiable  to  test  the  applicability  of  this  view  to 
physiological processes other than the heart beat. 
As a  result of experiments by Herbst  ~ and others, it is known that 
sea urchin eggs are unable to develop when placed in potassium-free 
sea water immediately after fertilization, and Herbst found that rubid- 
ium  and  cesium could  replace  potassium  to  a  limited  extent.  It 
seemed to us that a further study of the replacement of K  by cesium 
1  Zwaardemaker, H., J. Physiol., 1919-20, liii, 273. 
2  Herbst,  C., Arch.  Entwcklngsmechn. Organ., 1901, xi, 617. 
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and  certain  radioactive  substances might  help in deciding  definitely 
whether or not the physiological influence of potassium is dependent 
on its radioactive properties. 
II.  EXPERIMENTAL. 
The method used in this work was as follows.  Eggs of Arbacia were 
fertilized in potassium-free artificial sea water of the following compo- 
sition:  100 cc. of M/2 NaC1  +  7.8 cc. of M/2 MgC12 +  3.8 cc. of M/2 
MgSO4  +  1.75  cc.  of  M/2  CaCI~.  To  this  solution  enough  M/10 
NaHCO3 (usually 0.2 cc. per 25 cc. of solution) was added to bring the 
pH to between 7.4  and  8.0.  The  chemicals  used were Kahlbaum's 
purest  preparations.  Both  glass-  and  metal-distilled  water  were 
used in preparing  the  solutions.  After fertilization,  the  eggs  were 
washed  three  times  in  similar  K-free  artificial  sea  water  and  were 
then  placed  in  various  solutions  to  observe  development.  In  all 
experiments,  some of  the  fertilized  eggs were placed  in  (a)  normal 
sea water, and  (b) alkaline K-free sea water for control.  In no case 
where eggs were placed in K-free sea water did the development go 
beyond the sixteen cell stage, and in a few hours the eggs were disin- 
tegrated.  All sea water controls developed into normal plutei. 
The  criterion  used in  these  experiments  for  the  adequacy of  the 
substitutes  for  potassium  was  the  formation  of  normal  swimming 
blastula~ within 24 hours.  In reality development went beyond this 
stage in most instances. 
A.  Potassium  Chloride  Experiments.--Eggs  were  fertilized  and 
washed as described, and were then placed in various dishes all con- 
taining 25 cc. of K-free sea water to which was added enough KC1 to 
make the total concentration  of KC1 in the dishes M/4,600, M/2,300, 
M/1,300, M/850, M/660, M/550, M/470, M/370, M/330, etc., up to M/18, 
the latter concentration of KC1 being about 5.5 times that present in 
normal sea water.  The pH in these and succeeding experiments was 
about 7.4. 
From  Table  I  we see that  fertilized  eggs do not  form  swimming 
larvae in artificial  sea water with a  concentration  of KCI lower than 
M/660.  We also see that a certain  excess of potassium,  i.e.  5.5  times 
its normal concentration in sea water, does not interfere with develop- 
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B.  Rubidium  Chloride  Experiments.--Eggs  were  fertilized  and 
Washed as described, and were then placed in various dishes all con- 
taining 25 cc. of K-free sea water to which was added enough RbC1 to 
make the total concentration of RbC1 in the dishes M/4,600, M/2,300, 
M/l,300, M/850, ~/660, M/550, ~/470, M/370, M/330, etc., to M/18. 
The experiments proved that RbC1 is entirely able to replace KC1 in 
the development of swimming blastula~ and that the minimal concen- 
tration of RbC1 needed is M/660,  approximately  that needed when 
KC1 is used. 
TABLE  I. 
Concentration of Potassium Needed  for Development, 
Molecular  Stage of  development  after  concentra- 
tion of 
KC1.  S hrs.  24 hrs. 
0 
M/4,600 
M/2,300 
M/1,300 
M/850 
M/660 
M/550 
M/470 
M/370 
M/330 
M/150 
~/125 
~/100 
M/52 
,~/27 
,,/18 
2-16 cells disintegrating. 
2-16  "  " 
2-16  "  " 
Few as far as 64 cells, mostly disintegrating. 
"  "  "  "64  "  "  " 
Some disintegrating, many good early blastulm. 
Dead. 
*C 
c* 
Few  swimming  gastrul~e. 
SMmrn{ng gastrul~e. 
Almost all early blastulae. 
All early blastulae. 
lg  cC  lc 
g~  Cc  ~C 
All gastru~. 
~t  g~ 
~t  gg 
~g  gg 
~t  ~g 
~g  tt 
tg  c~ 
tt  Cg 
C.  Cesium Chloride Experiments.--Eggs were fertilized and washed 
as described,  and were then placed in various dishes all containing 
25  cc. of potassium-free sea water to which was added enough CsC1 
to make the total concentration of CsC1 in the dishes M/4,600, M/2,300, 
M/l,300, M/l,000, ~/850, ~/660, ~/500, ~/250, ~t/125, etc., to M/18. 
From Table II we see that CsC1 can replace potassium chloride and 
that the minimal molecular concentration required for this purpose 
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due to its radioactivity, we should have to conclude that cesium has 
the  same degree  of radioactivity  as potassium which is  contrary  to 
the  facts  known  at  present.  Development  with  CsC1  is  possibly 
slower than with KC1, and the development does not go so far as in 
TABLE  II. 
ConCentration  of  Cesium  Needed  for  Development. 
Molecular  Stage of development  after 
concentra- 
tion of 
CsCl.  6 hrs.  24 hrs. 
0 
5/4,600 
M/2,300 
5/1,300 
M/l,000 
5/850 
M/660 
M/500 
,~/2so 
u/170 
M/125 
u/100 
u/80 
M/64 
,~/44 
M/33 
u/18 
2-16 cells disintegrating. 
All disintegrating. 
8-16 cells disintegrating, 
8-16  "  " 
Few 16-32 cells,  most disintegrating. 
Few 64 cells,  most disintegrating. 
cc  64  ~  4g  gC 
About 50 per cent in 64 cell stage. 
Most in 64 or 128 cell stage. 
Practically all 128 cells. 
"  "  128  " 
"  "  128  " 
"  "  128  " 
"  "  128  " 
,,  ,4 128  " 
"  "  128  " 
"  "  128  " 
Dead. 
~c 
c~ 
4c 
About  50  per  cent very 
slowly  swimming  blas- 
tulae. 
About 50 per cent slowly 
swimming blastulae. 
Still more swimming blas- 
tula~. 
Mostly rapidly swimming 
blastu~;  few  gastrulae. 
Most blastulae; some rap- 
idly swimming gastrula~. 
Most blastulae; some rap- 
idly swimming gastrul~e. 
Same, but more gastrulae. 
Swimming blastulae, many 
degenerating. 
Mostly  slowly  swimming 
blastulae. 
Mostly  swimming  gas- 
trulae. 
the case of KC1 probably on account of the greater toxicity of cesium 
which in rather  low concentrations  kills the larva. 
D.  Thorium Chloride Experiments.--It  seemed important  to deter- 
mine  whether  or not potassium  could be replaced  by a  radioactive 
element  like  thorium.  Zwaardemaker  found  that  in  winter  a  solu- ROBERT F. LOEB  233 
tion  of  M/10,000  and  in  summer  about  M/100,000  thorium  nitrate 
could  replace  potassium  in  his  experiments  on  the  heart.  In  our 
experiments, we fertilized eggs as described and after thorough wash- 
ing in K-free sea water they were placed in dishes containing  25 cc. 
of K-free sea water and  enough  thorium  chloride to make  the total 
concentration of ThC1, in the dishes M/200,O00,  M/100,000, M/66,000, 
~/33,000,  M/25,000,  M/21,000,  M/11,000, M/7,500, M/4,800,  M/3,300, 
and M/2,100.  To these solutions, which were quite acid, enough M/10 
NaHCO3 was added to bring the pH between 7.2 and 8.0.  In all these 
TABLE III. 
Effect  of  Thorium  in  Replacing  Potassium. 
Molecular  Stage of development after 
concentration 
of ThCh.  4 hrs.  24 hrs. 
0 
M/200,000 
M/100,000 
M/66,000 
M/33,000 
M/25,000 
M/21,000 
M/11,000 
~/7,soo 
~/4,800 
~/3,300 
M/2,100 
2-8 Cell stage disintegrating. 
2-8  "  "  " 
2-8  "  "  " 
2-.8  "  "  " 
2-8  "  "  " 
2-8  "  "  " 
2-8  "  "  " 
2-8  "  "  " 
2-8  "  "  " 
2--8  "  "  " 
2-8  "  "  " 
2-8  "  "  " 
De&d, 
cc 
~g 
gg 
gg 
gg 
cases the Th was probably in suspension and not in true solution and 
in the  three highest  concentrations  of ThC14 addition  of bicarbonate 
caused visible precipitation.  Since Zwaardemaker's Ringer solutions 
were also slightly alkaline the Th in  his solutions was also probably 
in suspension, but this would not interfere with the radioactivity since 
the radioactivity depends on the changes in the nucleus of an atom 
and  since  these  nuclear  changes  do  not depend on whether  or not 
the substance is in true solution.  As is seen in Table III in no case 
where Th was used to replace K  did we observe the development of 
swimming  blastulae  and  in  all  dishes  disintegration  occurred  before 
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control.  It was shown that death in the thorium experiments was due 
to lack of K  and not to the toxicity of ThCI~,  because when ThC14 was 
added to normal sea water in the same concentrations in which it was 
used to replace KC1 it  in  no  way interfered  with  the  formation  of 
normal larva~,  owing probably to the fact that the Th was in suspen- 
sion and not in true solution.  The radioactivity of the ThCI~ was not 
sufficient to interfere  with  the  development  of  the  eggs  up  to  the 
pluteus stage at least. 
E.  Uranium  Acetate  Experlments.--A  series  of  experiments  with 
the  radioactive  element  uranium  also  gave negative  results;  i.e.,  in 
no  case were swimming  larvm  obtained where uranium  acetate was 
used  to  replace potassium  and  the  eggs died before the sixteen cell 
stage was reached.  The  concentrations  of uranium  acetate used in 
the K-free sea water were M/125,000,  M/62,500, M/42,000, M/32,000, 
M/25,000,  M/16,000, M/12,500, M/ll,000,  ~/6,800,  ~/4,700,  ~/3,000, 
and  M/2,100.  The pH in  these solutions was brought  to  about  7.6 
through  the addition of NaHCO3 and in the two highest concentra- 
tions some uranium  was visibly precipitated.  The lack of develop- 
ment of the eggs here was not due to the toxicity of the uranium salt 
because,  when  the  uranium  acetate  was  added  to  sea water  in  the 
same  concentrations,  normal  larvm  developed  except  in  the  two 
highest  concentrations  and  here  the  pH was  found  to  be below 7. 
The  uranium  as well as the  thorium  was probably in suspension in 
the sea water and not in true solution but this, of course, did not influ- 
ence the radioactivity.  It is of interest to note that, here and in the 
thorium  experiments,  the  radioactive  elements  did  not  inhibit  the 
action of K  as Zwaardemaker seems to assume. 
III.  Theoretical Remarks. 
It appears from the foregoing experiments that in the development 
of the fertilized egg of Arbacia up to the blastula-gastrula stage potas- 
sium can be replaced by the non-radioactive Cs ion, the minimum con- 
centration  required  for  development being practically  the  same  for 
both cations (KC1 minimum  concentration  =  •/660,  CsC1 minimum 
concentration  =  M/500).  Furthermore,  it is apparent that K  cannot 
be  replaced  in  our  experiments  by  suspensions  of  the  radioactive 
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development of  the eggs of Arbacia  cannot be attributed to its very 
slight radioactivity. 
These results would seem at variance with the findings of Zwaarde- 
maker  and  his  coworkers in  their  experiments  on  the heart  were it 
not  for  the  fact  that  they  also  were  able  to  replace  potassium  by 
cesium, which Zwaardemaker designates as "physiologically but not 
physically"  radioactive.  As  a  matter  of  fact  nobody has  thus far 
shown  that  Cs  possesses  more  radioactivity  than  any  other  non- 
radioactive  element;  e.g.,  Na.  Zwaardemaker's  observation that  a 
heart which has ceased to beat in a solution lacking KC1 can be resus- 
citated by radioactive substances may be explained  without the as- 
sumption that K  acts  through  its radioactivity.  Lingle  3 found that 
when the ventricle of the heart of the turtle was suspended in a moist 
chamber  where  the  air  was replaced  by pure  oxygen the  strip  was 
able to beat for a considerable time, as long as 3 days, after the beats 
had been initiated  by submersing the ventricle for a  short time in a 
pureNaC1 solution.  The beats continued in some cases until the putre- 
faction  of  the  heart  tissues  put a  stop to them.  This  experiment 
proves that  the  KC1 is  not  needed  to  provide  the  stimulus  for  the 
heart beat but that it is only needed to counteract  some of  the  toxic 
effects of a pure NaC1 solution when the heart is submersed in such a 
solution.  Lingle found, moreover, that the heart which had stopped 
beating in a pure solution of NaC1 began to beat again when 10 cc. of 
3 per cent H~O2 were added to 90 per cent of the isotonic solution of 
NaC1.  He could show by control experiments that only the bubbles 
of 02 with which the muscle became frosted were responsible for the 
resuscitation.  The  ventricle  thus  resuscitated  could  then  continue 
to beat for many hours.  Lingle suggests that  the  oxygen supply in 
a solution is inadequate for a heart beating in a pure solution of NaC1 
unless a  more rapid source of supplying oxygen than  mere diffusion 
from the air is provided.  We do not know how the increased supply 
of  oxygen can  resuscitate  the  heart  which  had  ceased to beat in  a 
pure solution of NaC1 but the tentative suggestion may be permitted 
that  this  effect is due to  the  transformation  of a  harmful  substance 
formed during the activity of the heart in the absence of K, or Ca, or 
s Lingle, D. J., Am. J. Physiol.,  1902-03, viii, 75. 236  RADIOACTIVITY  AND  POTASSIUM 
both, into a less harmful one through  a  more rapid  oxidation.  Lind 
has  shown  that  penetrating  rays can  cause  the  formation  of  water 
from O and H  and that H~O2 seems to be an intermediate product in 
the reaction. 4  On the basis of these observations it is quite probable 
that H~O2 is formed or that  oxygen is activated in some other form 
when penetrating rays go through the cells of the heart, and that the 
rate  of oxidation is increased in the  cells of the heart.  This might 
explain Zwaardemaker's  experiments  on the restoration  of the heart 
beat by U, Th, and radium without compelling us to assume that KC1, 
Rb, and even Cs act physiologically by radioactivity. 
CONCLUSIONS. 
1.  The  non-radioactive  cesium ion can  replace  the  potassium ion 
almost quantitatively in solutions required for the development of the 
egg of the sea urchin into swimming blastulae. 
2.  Thorium chloride and uranium acetate cannot replace the potas- 
sium chloride in the solutions required for the development of the egg. 
3.  Thorium  chloride  and  uranium  acetate  do not  antagonize  the 
action of the potassium contained in sea water upon the development 
of eggs. 
4  Lind, S. C., J. Am. Chem. Soc., 1919, xli, 551. 